BRCA1, a familial breast and ovarian cancer susceptibility gene encodes nuclear phosphoproteins that function as tumor suppressors in human breast cancer cells. Previously, we have shown that overexpression of a BRCA1 splice variant BRCA1a accelerates apoptosis in human breast cancer cells. In an attempt to determine whether the subcellular localization of BRCA1 is cell cycle regulated, we have studied the subcellular distribution of BRCA1 in asynchronous and growth arrested normal, breast and ovarian cancer cells using dierent BRCA1 antibodies by immuno¯uorescence and immunohistochemical staining. Upon serum starvation of NIH3T3, some breast and ovarian cancer cells, most of the BRCA1 protein redistributed to the nucleus revealing a new type of regulation that may modulate the activity of BRCA1 gene. We have also characterized two new variant BRCA1 proteins (BRCA1a/p110 and BRCA1b/ p100) which are phosphoproteins containing phosphotyrosine. Immuno¯uorescence and Western blotting analysis indicate cytoplasmic and nuclear localization of BRCA1a and BRCA1b proteins. To elucidate the biological function of BRCA1, we created a bacterial fusion protein of glutathione-transferase (GST) and BRCA1 zinc ®nger domain and detected two cellular proteins with molecular weights of approximately 32 and 65 kD, one of which contains phosphotyrosine designated p32 and p65 BRCA1 interacting proteins (BIP) that speci®cally interact with BRCA1. Western blot analysis of BIP with cyclins/CDKs and E2F antisera indicated association with cdc2, cdk2, cdk4, cyclin B, cyclin D, cyclin A and E2F-4 but not with cdk3, cdk5, cdk6, E2F-1, E2F-2, E2F-3, E2F-5 and cyclin E. Furthermore, we have also demonstrated a direct interaction of in vitro translated BRCA1a and BRCA1b proteins with recombinant cyclin A, cyclin B1, cyclin D1, cdc2, cdk2 and E2F fusion proteins in vitro. Taken together these results seem to suggest that BRCA1 could be an important negative regulator of cell cycle that functions through interaction with E2F transcriptional factors and phosphorylation by cyclins/cdk complexes with the zinc ring ®nger functioning as a major protein-protein interaction domain. If the interactions we observe in vitro is also seen in vivo then it may be possible that lack or impaired binding of the disrupted BRCA1 proteins to E2F, cyclins/CDKs in patients with mutations in the zinc ®nger domain could deprive the cell of an important mechanism for braking cell proliferation leading to the development of breast and ovarian cancers.
BRCA1, a familial breast and ovarian cancer susceptibility gene encodes nuclear phosphoproteins that function as tumor suppressors in human breast cancer cells. Previously, we have shown that overexpression of a BRCA1 splice variant BRCA1a accelerates apoptosis in human breast cancer cells. In an attempt to determine whether the subcellular localization of BRCA1 is cell cycle regulated, we have studied the subcellular distribution of BRCA1 in asynchronous and growth arrested normal, breast and ovarian cancer cells using dierent BRCA1 antibodies by immuno¯uorescence and immunohistochemical staining. Upon serum starvation of NIH3T3, some breast and ovarian cancer cells, most of the BRCA1 protein redistributed to the nucleus revealing a new type of regulation that may modulate the activity of BRCA1 gene. We have also characterized two new variant BRCA1 proteins (BRCA1a/p110 and BRCA1b/ p100) which are phosphoproteins containing phosphotyrosine. Immuno¯uorescence and Western blotting analysis indicate cytoplasmic and nuclear localization of BRCA1a and BRCA1b proteins. To elucidate the biological function of BRCA1, we created a bacterial fusion protein of glutathione-transferase (GST) and BRCA1 zinc ®nger domain and detected two cellular proteins with molecular weights of approximately 32 and 65 kD, one of which contains phosphotyrosine designated p32 and p65 BRCA1 interacting proteins (BIP) that speci®cally interact with BRCA1. Western blot analysis of BIP with cyclins/CDKs and E2F antisera indicated association with cdc2, cdk2, cdk4, cyclin B, cyclin D, cyclin A and E2F-4 but not with cdk3, cdk5, cdk6, E2F-1, E2F-2, E2F-3, E2F-5 and cyclin E. Furthermore, we have also demonstrated a direct interaction of in vitro translated BRCA1a and BRCA1b proteins with recombinant cyclin A, cyclin B1, cyclin D1, cdc2, cdk2 and E2F fusion proteins in vitro. Taken together these results seem to suggest that BRCA1 could be an important negative regulator of cell cycle that functions through interaction with E2F transcriptional factors and phosphorylation by cyclins/cdk complexes with the zinc ring ®nger functioning as a major protein-protein interaction domain. If the interactions we observe in vitro is also seen in vivo then it may be possible that lack or impaired Introduction Mutations in the breast and ovarian cancer susceptibility gene BRCA1, accounts for half of the inherited breast and ovarian cancers Ford et al., 1995) and only 10% of the sporadic ovarian cancers Hosking et al., 1995; Merajver et al., 1995) . The BRCA1 cDNA codes for a 1863 amino acid protein with an amino terminal zinc ring ®nger domain and a carboxy terminal acidic region typical of several transcriptional factors. Recently, the C terminal region of BRCA1 was shown to activate transcription in a heterologous GAL-4 system (Chapman and Verma, 1996; Monteiro, 1996; Rao et al., unpublished results) . Several groups have cloned and studied the developmental patterns of expression of murine BRCA1 (Lane et al., 1995; Marquis et al., 1995; Abel et al., 1995; Sharan et al., 1995) . Expression was found to be high in rapidly proliferating tissues (Lane et al., 1995; Marquis et al., 1995) particularly those undergoing dierentiation suggesting a role for BRCA1 in cellular growth and dierentiation. We and others have shown the BRCA1 gene product to be a nuclear phosphoprotein Scully et al., 1996) , that when over expressed in breast and ovarian cancer cells results in growth inhibition in vitro and in vivo in breast cancer cells Rao et al., unpublished results) . Conversely, inhibition of BRCA1 expression by antisense RNA in mouse ®broblasts or by antisense oligonucleotides in breast cancer cells resulted in transformation of mouse ®broblasts as well as increased the rate of growth of breast cancer cells (Thompson et al., 1995; . We have recently reported a new function for the BRCA1 splice variant BRCA1a in the regulation of apoptosis of human breast cancer cells . Previously, the BRCA1 gene product was shown to be localized in the nucleus . Since then there have been several dierences in the literature regarding the size and subcellular location of BRCA1 Jensen et al., 1996; Scully et al., 1996; Thakur et al., 1997; Wilson et al., 1997) . Two proteins BARD1 and Rad51, a human homolog of bacterial Rec A were shown to interact both in vitro and in vivo with BRCA1 indicating a role for BARD1 in tumor suppression of BRCA1 and a role for BRCA1 in the control of recombination and genomic integrity (Wu et al., 1996; Scully et al., 1977) . In the present study, we have further investigated the subcellular localization of BRCA1 protein using several BRCA1 speci®c antibodies in normal, breast and ovarian cancer cells grown under dierent serum culture conditions and conclude that the BRCA1 proteins are nuclear phosphoproteins that are transported to the nucleus in the absence of serum. Our results suggest that BRCA1a and BRCA1b, two BRCA1 splice variants that are localized mainly in the cytoplasm with a small fraction going into the nucleus, are phosphoproteins containing phosphotyrosine that associate via their amino-terminal zinc ring ®nger domain with E2F transcriptional factors, cyclins/cdk complexes suggesting a function for this domain in mediating proteinprotein interaction and a role for BRCA1 in cell cycle regulation.
Results

Subcellular localization of BRCA1 proteins
In an attempt to understand the normal function of the BRCA1 protein, we have generated polyclonal antibodies against dierent regions of the human BRCA1 protein. Initially, we have studied the subcellular distribution of BRCA1 in normal human mammary epithelial cell Hs578 Bst and several human breast cancer cell lines HBL-100, CAL-51, MDA MB-453, T-47D, BT-474, CAMA-1 and ZR 75-1 by immunohistochemistry and immuno¯uorescence staining. BRCA1 was detected mainly in the cytoplasm with weak nuclear staining of normal human breast epithelial cell Hs578 Bst and several breast tumor cell lines HBL-100, MDA MB-453, T-47D, BT474, CAMA-1 and ZR 75-1 (Figure 1a) . One cell line CAL-51, which was originally obtained fro a patient with invasive adenocarcinoma with extensive intraductal involvement (Gioanni et al., 1990) , contained three distinct populations of cells, some in which BRCA1 was localized in the cytoplasm, some in the perinucleus and some in the nucleus (Figure 1a) . We next studied the subcellular distribution of BRCA1 in two ovarian carcinoma cell lines NIH:OVCAR-3 and SK-OV-3. In NIH:OVCAR-3 cells BRCA1 was localized mainly to the cytoplasm (Figure 1b ) and in SK-OV-3 BRCA1 was localized mainly in the nucleus (Figure 1b) . We also studied the subcellular distribution of BRCA1 in several normal and tumor cells. BRCA1 was found to be distributed mainly in the cytoplasm of NIH3T3 mouse ®broblast cells and Saos-2 cells (Figure 1c) , both in the cytoplasm and nucleus of BRACA1a transfected NIH3T3 cells, HeLa, Colo 320, A431 and PC12 cells ( Figure 1c ) and mainly in the nucleus with weak cytoplasmic staining of BALB/3T3 cells ( Figure 1c ). All these results suggested variable, subcellular distribution of BRCA1 proteins. These results were obtained using dierent BRCA1 antibodies.
Subcellular localization and tyrosine-phosphorylation of BRCA1a and BRCA1b proteins
We have next studied the in vivo phosphorylation of BRCA1 proteins in HL60 cells. Immunoprecipitation of lysates from HL60 cells labeled with 32 P-phosphoric acid using BRCA1 polyclonal antibody revealed three major bands with molecular weights of &175, 125 and 110 kD (Figure 2a ). All these results suggest BRCA1 to be a phosphoprotein. In order to explain the dierences in the subcellular localization of BRCA1, we speculated whether this could be due to the presence of multiple splice variants wherein some could be preferentially sequestered in the cytoplasm and some could translocate to the nucleus as observed recently by other investigators (Thakur et al., 1977; Wilson et al., 1977) . So, we subcloned the dierentially spliced human BRCA1 cDNA, BRCA1a into pFLAG-CMV-2 expression vector (Eastman Kodak Company) which contains a FLAG epitope-tag sequence at the Nterminal and this tag allows detection of BRCA1a protein with the use of FLAG antibody. When transfected into COS cells the FLAG BRCA1a protein was found to be localized mainly in the cytoplasm with weak nuclear staining (Figure 2b ). Subcellular fractionation of the transfected COS cells into total and nuclear fractions followed by Western blot analysis using the same FLAG antibody revealed two polypeptides migrating at 105 ± 110 kD mainly in the cytoplasm with a small fraction of the total BRCA1a protein in the nuclear fractions, which agrees with our immuno¯uorescence data. These results suggest BRCA1a p110 to be a localized both in the cytoplasm and nucleus, the doublet protein bands observed could represent hyper and hypophosphorylated forms of BRCA1a proteins, similar to the 220 kDa BRCA1 protein (Chen et al., 1996a) . Western blot analysis of FLAG immunoprecipitates obtained from p-FLAG-CMV-2-BRCA1a transfected COS cells using phosphotyrosine antibodies revealed BRCA1a to be a phosphoprotein containing tyrosine (Figure 2c lane 3) which migrated with mobility similar to an endogenous BRCA1 tyrosine phosphorylated band seen in HL60 cells (Figure 2c ). All these results suggest that BRCA1a is an &110 kD phosphoprotein which contains tyrosine. Similarly, BRCA1b was also found to be a phosphoprotein phosphorylated on tyrosine migrating with a molecular weight of &100 kD (data not shown). We next studied the subcellular distribution of FLAGBRCA1a in breast cancer cell line CAL-51 after transfection of pFLAG-CMV-2-BRCA1a plasmid into these cells followed by immuno¯uorescence analysis. Here, we observed BRCA1a protein to be distributed both in the cytoplasm as well as in the nucleus of serum fed cells, the cytoplasmic staining appeared to be much stronger compared to the weak nuclear staining (Figure 2d ).
Intracellular localization of BRCA1 proteins in serumgrown and serum deprived mouse ®broblasts
Our results suggested that the interesting dierences in the subcellular localization of BRCA1 observed by us and others may not be due to using dierent BRCA1 antibodies or aberrant localization of BRCA1 in breast tumor cells. We therefore speculated whether this could be due to culturing the cells in dierent serum culture conditions. In order to test the hypothesis whether the nuclear localization of BRCA1 is dependent on the proliferation state of the cell, we studied the subcellular distribution of BRCA1 in asynchronous and serum deprived NIH3T3 cells using dierent BRCA1-speci®c antibodies developed by us by immuno¯uorescence and immunohistochemical methods. In asynchronous serum fed NIH3T3 cells BRCA1 was found to be localized predominantly in the cytoplasm with weak nuclear staining (Figure 3a) . In contrast, in serum starved quiescent cells most of the BRCA1 was found to be localized in the nucleus with little cytoplasmic staining. On prolonged incubation in serum free media for 48 ± 72 h the staining was mostly nuclear with typical nuclear dot like pattern (data not shown). When the cells were refed with 10% serum for 24 h the BRCA1 protein was found to relocate back to the cytoplasm with weak nuclear staining similar to the situation seen in asynchronous serum fed NIH3T3 cells ( Figure 3a ). The same results were obtained using four dierent antibodies speci®c to dierent regions of BRCA1 protein, (data not given) thus ruling our the possibility that nuclear BRCA1 immuno¯uorescence might be an artifact due to starvation. Simultaneously, we have also determined the DNA content of these cells in the presence and absence of serum by FACS analysis to give a measure of the relative percentage of G1, S, G2/ M cells in each sample. All these results seem to suggest that nuclear transport of BRCA1 is not cell cycle dependent and irrespective of the cell cycle state, BRCA1 protein accumulates in the nucleus in the absence of serum and in the cytoplasm in the presence of serum, in NIH3T3 cells. We have also arrested the cells in G1 phase of the cell cycle by using drugs such as aphidicolin, mimosine and double thymidine block and studied the subcellular localization of BRCA1 protein. Our results suggest that the redistribution of the BRCA1 proteins to the nucleus in drug-treated cells is not as dramatic as seen with serum starved cells (Shao and Rao, unpublished results) . It may be possible that accumulation of BRCA1 proteins in the nucleus of serum depleted NIH3T3 cells may be responsible for the induction of apoptosis seen previously in BRCA1a transfected NIH3T3 cells . Two splice variants BRCA1 D672-4095 (Thakur et al., 1997) and BRCA1 D11b which codes for a 110 kD protein were both shown to be localized to the cytoplasm by immunostaining. Surprisingly, the authors found substantial levels of BRCA1 D11b to be in the nuclear fraction on immunoblotting , similar to what we have observed with BRCA1a and BRCA1b in COS cells. The molecular weight of the p110 kDa BRCA1a polypeptide reported in this and earlier studies is comparable to the 110 kDa BRCA1 D11b. Thus even though the reported nuclear localization signal (Thakur et al., 1997; Wilson et al., 1997) for BRCA1 is missing in BRCA1a and BRCA1b proteins, some of which still gets transported to the nucleus suggesting that both BRCA1a and BRCA1b may carry potential nuclear localization signals. It may be possible that there can be a serumresponsive regulatory protein that could be responsible for retention of BRCA1 protein within the cytoplasm of serum fed cells similar to NF-kB (Baeuerle and Baltimore, 1988) and the levels of which could determine the subcellular localization of BRCA1 protein. We are presently investigating these possibilities.
Subcellular localization of BRCA1 proteins in breast and ovarian cancer cells grown in the presence and absence of serum
Since all these experiments were done in mouse ®broblasts, which may not be physiologically relevant to BRCA1 function we studied the subcellular distribution of BRCA1 in asynchronous and growth arrested serum deprived normal human breast epithelial cells Hs578 Bst, breast cancer cells HBL-100, ZR-75-1, CAMA-1 and ovarian carcinoma cells NIHOVCAR-3, using dierent BRCA1 speci®c polyclonal antibodies by indirect immuno¯uorescence and immunohistochemical methods. We have used only those cell lines in which BRCA1 was found to be localized to the cytoplasm in asynchronous conditions. Our results suggest BRCA1 to be localized mainly in the cytoplasm of serum fed asynchronous normal breast epithelial cells Hs578 Bst, breast tumor cells HBL-100, ZR-75-1, CAMA-1 and ovarian carcinoma cell NIHOVCAR-3 (Figure 3b ± f) and predominantly in the nucleus of growth arrested serum deprived Hs578 Bst, HBL-100, ZR-75-1 CAMA-1 and ovarian carcinoma cell line NIHOVCAR-3 (Figure 3b ± f). All these results suggest that the nuclear or cytoplasmic transport of BRCA1 is not spontaneous but is controlled by the extracellular environment with serum growth factors inhibiting the nuclear transport of the BRCA1 protein. It remains to be seen whether posttranslational modi®cation (such as phosphorylation, etc.) of BRCA1 proteins plays a role in the subcellular localization of these proteins. The scenario we observe with BRCA1 is dierent to that seen for the c-Fos protein whose nuclear translocation appears to depend on the continuous stimulation of cells by serum factors (Roux et al., 1990) .
Detection of cellular proteins that interact with GST-BRCA1 fusion protein
Since the subcellular localization of BRCA1 is dependent on the presence of serum factors, and to investigate whether BRCA1 protein-protein interactions are of biological signi®cance in the growth inhibitory, tumor suppressor and death inducing functions of BRCA1 protein, we studied the interaction of BRCA1 with cellular proteins. The amino terminal region of BRCA1 contains a zinc ring ®nger domain which are known to interact with DNA/RNA either through direct binding or indirectly by mediating protein-protein interactions. We have expressed a fusion protein that contains GST and the zinc ®nger domain of BRCA1 (residues 1 ± 76) in bacteria using the Gex 2T expression vector system. In order to detect cellular proteins that interact with GST-BRCA1 fusion protein, whole cell lysates of human breast cancer cells ZR-75-1 or CA1-51 metabolically labeled with 35 S-methionine were incubated with either GST or the GST-BRCA1 fusion protein immobilized on glutathione-agarose beads (GSH-beads). The beads were washed, lysed in SDS sample buer and subjected to SDS ± PAGE. SDS ± PAGE analysis of the bound complex revealed bands with relative molecular weight of &32 kD and &65 kD which bound exclusively to the GST-BRCA1 fusion protein and not to GST (Figure 4a ). These bands were consistently detected in ZR-75-1, CAL-51 and HL 60 cell lysates and were designated as p65 BIP and p32 BIP respectively (data not shown).
Direct association of p65 BIP and p32 BIP with BRCA1
To determine whether p65 BIP and p32 BIP directly interact with BRCA1, we performed a far Western blot analysis. The BIP complexes prepared from CAL-51 cell extract were separated on SDS ± PAGE, transferred onto a nitrocellulose membrane, and probed with 32 Plabeled GST-TK-BRCA1 fusion protein. Since GST-TK-BRCA1 contains consensus phosphorylation site for protein kinase C at the amino terminal end, the puri®ed protein can be 32 P-labeled by an in vitro protein kinase reaction. GST-BRCA1 bound to both p65 BIP and p32 BIP unlike GST protein (Figure 4b ). These results suggest that both p65 BIP and p32 BIP bind strongly to BRCA1 even under stringent conditions without any mediating proteins (Figure 4b ).
Expression of BRCA1 binding proteins in dierent cell lines
To determine the distribution of BRCA1-binding protein in various cell lines, we metabolically labeled promyelocytic cell line HL60, breast cancer cell lines ZR-75-1 and CAL-51 cells and performed the GSTpull down assay as described previously. Both p65 BIP and p32 BIP were detected in all cell lysates examined (data not given) although at variable levels suggesting the ubiquitous expression of p65 BIP and p32 BIP. 
Association of BRCA1 proteins with E2F, cyclins/CDKs
Recently, cdk-2 and other kinases associated with cyclins D and A were shown to phosphorylate BRCA1, suggesting a role for cdk's in regulating the activity of BRCA1 proteins (Chen, 1996a) 
unpublished results). Since tumor suppressor genes like Rb regulate cell cycle by interaction with transcription factor E2F, cyclins/cdk's (Lees et al., 1992; Kato et al., 1993; Ewen et al., 1993; Weinberg, 1995) and the sizes of BIPs are close to E2F, cyclins/CDKs, we speculated whether BRCA1 could similarly associate with E2F, cyclins/CDKs. We therefore incubated cell lysates obtained from CAL-51 cells with GST-immobilized on GSH-beads and BRCA1 fusion protein conjugated GSH-beads. The beads were then washed and heated in SDS sample buer. The BIP complexes were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membrane and probed with antibodies speci®c to cdc2, cdk2, cdk3, cdk4, cdk5, cdk6, cyclin A, cyclin B1, cyclin D1, cyclin E, E2F-1, E2F-2, E2F-3, E2F-4 and E2F-5 as described previously . The BIP complexes were recognized by antibodies speci®c to cdc2, cdk-2, cdk-4, cyclin D1, cyclin A, cyclin B1
( Figure 4c ) and E2F-4 (Figure 4d ), but not to cdk3, cdk-5, cdk-6, cyclin E, E2F-1, E2F-2, E2F-3 and E2F-5. All these results suggest association of BRCA1 with cyclin A, D1 and B1, cdc2, cdk-2, cdk-4 and E2F-4, but not to cdk-3, cdk-5, cdk-6, cyclin E, E2F-1, E2F-2 and E2F-5.
Tyrosine phosphorylation and kinase activity of BRCA1 interacting proteins
We next wanted to examine whether p32 BIP and p65 BIP contain phosphotyrosine. The BIP complexes obtained from CAL-51 cells were immunoblotted with a phosphotyrosine antibody (Figure 4d ). Band corresponding to p32 was detected (Figure 4d ) indicating that p32 BIP contains phosphotyrosine, a characteristic speci®c to cyclin associated protein kinases. We have also tested the BRCA1 immunoprecipitates from CAL-51 cells for kinase activity. Our S-methionine-labeled CAL-51 cells were incubated with either GST or the GST-BRCA1 fusion protein immobilized on GSH beads. The bound proteins were washed, subjected to 10% SDS ± PAGE and visualized by¯uorography. The position of the major &p32 BIP complex is indicated on the right with a solid arrow and the minor &p65 BIP complex is represented by a small arrow on the right. The positions of the 14 C-labeled protein standards and their sizes are shown on the left. (b) Direct binding of BRCA1 with p32 BIP and p65 BIP by far Western blot analysis. CAL-51 cell extracts were passed through GST and GST-BRCA1 immobilized on glutathione beads. The protein complexes were separated by 10% SDS ± PAGE and transferred onto nitrocellulose membranes. After blocking, the ®lters were incubated with the 32 P-labeled GST-BRCA1 fusion protein. The arrows represent the p32 and p65 BIP proteins. (c) Association of BRCA1 with cyclin/cdk's. Unlabeled cell extract from CAL-51 cells were incubated with GST conjugated GSH-BRCA1 beads (lane 1) or with GST-conjugated GSH-beads (lane 2). The beads were then washed and subjected to 10% SDS ± PAGE. The proteins were transferred onto nitrocellulose membrane and subjected to Western blot analysis using antibodies speci®c to cdc2, cdk2, cdk3, cdk4, cdk5, cdk6, cyclin A, cyclin B, cyclin D and cyclin E obtained from Santa Cruz Biotechnology. (d) Association of BRCA1 with transcriptional factor E2F-4 and the p32 BIP complex are tyrosine phosphoproteins. CAL-51 cell extracts were passed through GST-BRCA1 GSH beads (lane 1) or GST-GSH beads (lane 2) and the bound proteins were subjected to SDS ± PAGE and Western blot analysis using antibodies speci®c to E2F-1, E2F-2, E2F-3, E2F-4, E2F-5, and phosphotyrosine obtained from Santa Cruz Biotechnology. The arrows represent E2F-4 and tyrosine phosphorylated p32 BIP proteins respectively. E2F-1, GST-E2F-4 and GST respectively. Both in vitro translated BRCA1a and BRCA1b speci®cally bind to GST-cyclin A, GST-cyclin B1, GST-cyclin D1, GST-E2F-1 and GST E2F-4 unlike GST alone (Figure 5a,  b) . The BRCA1a splice variant bound at a reduced level compared to BRCA1b to all these dierent proteins. It may be possible that phosphorylation may regulate the binding of BRCA1a and BRCA1b proteins to cyclins, cdk's and E2F transcriptional factors. To con®rm our results, further GST and GST E2F-1 fusion proteins were subjected to far Western blot analysis using 32 P-labeled amino-terminal BRCA1 (GST-BRCA1a amino acids 1 ± 76, numbering from ®rst ATG codon) fusion protein. The GST E2F-1 fusion protein band hybridized speci®cally to BRCA1 (Figure 5c ). To further con®rm the results, a fragment of BRCA1 encoding the amino-terminal 182 amino acids (amino acids 1 ± 182) was in vitro translated and assayed for binding to GST-E2F-1 protein. The BRCA1 polypeptides bound speci®cally to GST-E2F-1 (Figure 5c ). In a reciprocal assay, we in vitro translated the full length human E2F-1 cDNA and assayed it for binding to GST-BRCA1 zinc ®nger fusion protein (amino acids 1 ± 76). The E2F-1 polypeptide bound very weakly to GST BRCA1 (Figure 5c ). These results suggest that the aminoterminal 76 amino acids of BRCA1 were sucient to provide speci®c association with E2F-1. The amount of E2F-1 and E2F-4 that got bound to BRCA1 appeared to be relatively low. It may be possible that E2Fs may need to associate with other proteins in order to bind eciently to BRCA1. Similarly, we have in vitro translated human cdc2, cdk2, cdk4 and cdk5. The proteins thus generated were assayed separately for binding to GST and GST-BRCA1 (amino acids 1 ± 76) fusion proteins. GST-BRCA1 speci®cally bound to cdc2 and cdk2 (Figure 5d ) but not to cdk4 and cdk5 (data not given). All these results suggest that BRCA1 zinc ®nger domain can interact directly with cdc2 and cdk2.
Discussion
In the present report, we have presented data regarding the subcellular localization; phosphorylation and protein-protein interactions of BRCA1 and two BRCA1 isoforms, BRCA1a and BRCA1b. Initially, we have generated polyclonal antibodies against dierent regions of the human BRCA1 protein and used them to analyse BRCA1 expression in several normal, breast and ovarian cancer cells grown under dierent serum culture conditions. Our results suggest that BRCA1 proteins accumulate in the nucleus in the absence of serum and in the cytoplasm in the presence of serum in NIH3T3 cells and some breast and ovarian cancer cells. It may be possible that the nuclear or cytoplasmic transport of BRCA1 is not spontaneous but is controlled by the extracellular environment with serum inhibiting the nuclear transport of the BRCA1 protein. Alternatively, it may be possible that a protein factor present in the cytoplasm of serum fed cells could be responsible for retention of BRCA1 protein within the cytoplasm, similar to NF-KB (Baeuerle and Baltimore, 1988) and the levels of which could determine the subcellular localization of BRCA1 protein. We are presently investigating these possibilities. The BRCA1 cDNA codes for a 1863 amino acid protein with an amino terminal zinc ring ®nger motif and two putative nuclear localization signals, suggesting that it might be a nuclear protein Lane et al., 1995) . There have been several discrepancies in the literature regarding the size and subcellular localization of BRCA1 Wilson et al., 1997; Scully et al., 1996; Jensen et al., 1996) . Previously, we have reported BRCA1 proteins to be localized mainly in the nucleus and some in the cytoplasm of Rat-1 and MCF7 cells . Subsequently, we have isolated two new alternately spliced BRCA1 transcripts referred to as BRCA1a (p110) and BRCA1b (p100) (Rao et al., unpublished results) and developed mouse ®broblast cell lines and human breast cancer cell lines expressing BRCA1a proteins . Our results indicate that over expression of BRCA1a induces apoptosis in NIH3T3 and MCF-7 cells after calcium ionophore treatment indicating that BRCA1 genes may play a critical role in the regulation of apoptosis . In this report, we have studied the subcellular localization of BRCA1a and BRCA1b proteins using FLAG epitope tagged CMV promoter vectors. Our data using immuno¯uorescence and immunoblotting analysis indicate cytoplasmic and nuclear localization of FLAG BRCA1a and FLAG BRCA1b proteins. Recently, two other groups (Thakur et al., 1997; Wilson et al., 1997) have identi®ed two BRCA1 splice variants BRCA1D672-4092 (which lacks exon 11) and BRCA1D11b (which lacks majority of exon 11) both of which were found to localize to the cytoplasm by immunostaining. These investigators have mapped a nuclear localization signal in exon 11 of BRCA1 which is missing in BRCA1D672-4095 and BRCA1D11b suggesting that splicing may regulate the function of BRCA1 by altering the subcellular localization of these proteins (Thakur et al., 1997; Wilson et al., 1997) . Interestingly, BRCA1D11b was also found to be present in signi®cant quantities in the nuclear fractions on immunoblotting analysis , similar to what we have observed with BRCA1a and BRCA1b proteins (this study). We have also found the BRCA1 proteins to accumulate in the cytoplasm in the presence of serum and in the nucleus in the absence of serum. All these results suggest that the nuclear localization of BRCA1 may be regulated by external stimuli, phosphorylation or protein-protein interactions. BRCA1 expression was shown to be high in tissues that are undergoing rapid growth and dierentiation (Lane et al., 1995; Marquis et al., 1995) . Recently the BRCA1 protein was also shown to be expressed and phosphorylated in a cell cycle dependent manner . The BRCA1 m-RNA levels were found to be high in exponentially growing cells and in cells just prior to entry into Sphase but decreased upon growth factor withdrawal or after treatment with transforming growth factor b-1 (Gudas et al., 1996) suggesting cell cycle regulation of BRCA1 expression. In an attempt to isolate proteins that interact with BRCA1, we have detected two cellular proteins (p65 BIP, p32 BIP) that speci®cally interact with BRCA1. Western blot analysis of BIP indicated association with E2F, cyclins and CDKs and in vitro translated BRCA1a and BRCA1b proteins interacted directly with transcription factor E2F, cyclins and CDK's suggesting a role for these proteins in regulating the biological activity of BRCA1 proteins.
In summary our results indicate BRCA1 gene products to be nuclear tyrosine phosphoproteins  this study) that translocate to the nucleus in the absence of serum, function as tumor/growth suppressors Rao et al., unpublished results) ; Holt et al., 1996) , inducers of apoptosis and associate in vitro with E2F transcriptional factors, cyclins and cdk complex, suggesting a role for CDKs in regulating the biological activity of BRCA1. Several critical growth regulators like the product of the pRB, a tumor suppressor protein have been shown to associate with E2F both in vivo and in vitro (Weinberg, 1995) resulting in net inhibition of E2F-mediated transactivation and E2F reslease from pRB is an important event in the activation of genes required for S-phase entry (Weinberg, 1995) . It may be possible that tumor suppressor proteins like BRCA1 may similarly interact with E2Fs and regulate cell proliferation. The interaction of BRCA1 zinc ring ®nger domain to E2Fs, cyclins/cdk complexes assigns a function for this domain in mediating protein-protein interaction. The function of BRCA1 zinc ring domain becomes important since it is the lcoation of some of the most frequently occurring mutations linked to breast and ovarian cancers. One of the BRCA1 mutations contains a frame shift in exon 2 (188 del 111; Miki et al., 1994) which removes the zinc ®nger domain from the protein. The 185 del AG mutation, which is the most common BRCA1 mutation seen to date that occurs 1 in 100 Ashkenazi Jewish individuals (Shattuck-Eiden et al., 1995) disrupts the BRCA1 gene product at the ®rst residue of the C 3 HC 4 domain. These frequent missense mutations Cys 61, Gly, Cys 64, Gly, and Cys 64 Tyr also disrupt the zinc ®nger domain structure. It may be possible that lack or impaired binding of the disrupted BRCA1 protein to E2F, cyclins/CDKs in patients with mutations in the zinc ring domain could deprive the cell of an important mechanism for regulating cell proliferation leading to the development of breast cancer. Future eorts will be directed towards showing the identity of p32 BIP and p65 BIP and identifying the cyclins/CDKs and E2Fs family members which speci®cally interact with BRCA1 in vivo. It remains to be seen whether the interactions we observe in vitro can be seen in vivo and if they are physiologically relevant.
Materials and methods
Cell lines
NIH3T3 cells and their derivatives, MCF-7, MDA-MB-453 and A431 cells were grown at 378C in DMEM supplemented with 10% fetal bovein serum (FBS), 1% penicillin-streptomycin (PS); HS578 Bst cells were grown in DMEM supplemented with 10% FBS, 1% PS and 30 ng/ ml EGF, CAL-51 cells were grown in DMEM containing 10% FBS, 1% PS, 0.6 mg/ml bovine insulin, 5610
73 mg/ml transferrin and 146 mg/Liter glutamine; ZR 75-1 and COLO 320 were grown in RPMI 1640 supplemented with 10% FBS, 1% PS and 10 mg/ml bovine insulin; NIH:OVCAR-3 cells were cultured in RPMI 1640 supplememted with 20% FBS, 1% PS and 10 mg/ml bovine insulin; PC12 cells were grown in RPMI 1640 supplemented with 10% horse serum and 5% FBS, 1% PS; SK-OV-3 and HBL 100 cells were grown in McCoy's 5a medium supplemented with 10% FBS and 1% PS; Saos-2 cells were grown in McCoy's 5a medium supplemented with 15% FBS and 1% PS; CAMA-1 cells were cultured in Eagle's Minimum Essential Medium (MEM) supplemented with 10% FBS and 1% PS. All the cell lines except CAL-51 cells were obtained from American type culture collection (Rockville, MD).
Immunochemistry
The dierent cell lines in the logarithmic stage of growth cultured in chamber slides were made quiescent in the presence of DMEM only for a period of 24 ± 72 h. Cells were then washed in PBS and subjected to immunohistochemistry analysis using rabbit anti BRCA1 carboxyterminal or an amino terminal peptide antibody (Santa Cruz Biotechnology Inc.), rabbit polyclonal antibody generated against GST fusion proteins containing amino acids 1 to 76 and amino acids 1 to 331 of the BRCA1 protein as described previously .
Plasmid construction and transfections
BRCA1a cDNA and BRCA1b cDNA (Rao, unpublished results) were subcloned into pFLAG-CMV vector (Eastman Kodak Company) by PCR. Puri®ed DNA 5 mg for chamber slides and 20 mg for 100 mm petri dishes of pFLAG-CMV-2 expression vector or pFLAG-CMV-2 expression vector containing the BRCA1a cDNA were transfected into COS and CAL-51 cells using the Invitrogen kit according to the manufacturer's recommendations. After 48 ± 72 h post transfection cells were processed for immuno¯uorescence analysis or the cell extracts were subjected to Western blot analysis using FLAG M2 antibody (Eastman Kodak Company) as described previously .
Immuno¯uorescence
Immuno¯uorescence analysis was done as described previously Shao et al., 1996) except with slight modi®cations. In brief, pFLAG-CMV-2 BRCA1a transfected COS and CAL-51 cells cultured in chamber slides were ®xed in 3.7% formaldehyde at room temperature, followed by washing in PBS and PBS with 0.05% Triton X-100 and blocking in blocking solution (4% normal goat serum, 0.05% Triton X-100 in PBS) for 10 min at room temperature. The cells were incubated with primary anti FLAG M2 antibody diluted 1 : 100 for COS and CAL-51 cells, then washed three times with PBS, blocked with blocking solution for an additional 10 min at room temperature followed by incubation with the secondary antibody (FITC conjugated goat anti mouse IgG). After rinsing in PBS, the slides were mounted with mounting media and photographed on a confocal microscope.
Preparation of total nuclear extract and Western blot analysis
COS cells were harvested 48 h post transfection by washing in PBS and treating with trypsin. For preparing total cell extracts the cells were lysed in RIPA buer and the lysate was centrifuged at 14 000 r.p.m. for 30 min at 48C. The supernatant was assayed for protein concentration by Bradford's method (Bio-Rad) and &50 ± 100 mg of protein was subjected to Western blot analysis as described previously . The nuclear extract was prepared as described (Hurst et al., 1990) . In brief, cells were lysed in nuclear extract buer 1 (Hurst et al., 1990) , centrifuged at high speed for 1 min at room temperature. The crude nucleus was suspended in nuclear extract buer II (Hurst et al., 1990) . Nuclear debris was removed by centrifugation for 1 min at room temperature. The supernatant was diluted by the addition of 20 mM HEPES (pH 7.4). The protein concentrations were determined by Bradford's method (Bio-Rad) and &50 ± 100 mg of protein was subjected to Western blot analysis.
For Western blotting analysis &50 ± 100 mg of cell/nuclear extract in SDS sample buer were loaded on a 10% SDS ± PAGE in Bio-Rad mini-protean II cell as described previously . After electro transfer onto PVDF membrane, the FLAG-BRCA1a fusion protein was detected with anti-FLAG M2 antibody diluted 1 : 100 using Western exposure chemiluminescent detection system from Clonetech or ECL as described previously .
Metabolic labeling of cells
Brie¯y, con¯uent 100 mm plates of HL 60 cells were labeled with 32 P-orthophosphoric for 4 h. The cells were lysed in radioimmunoprecipitation assay buer. Following sedimentation the supernatants were subjected to immunoprecipitation using rabbit anti BRCA1 peptide or recombinant protein antibody or preimmune serum as described previously . The samples were subjected to 10% SDS polyacryladmide gel electrophoresis and autoradiography. In some cases the cold HL60 cell lysates were subjected to immunoprecipitation using carboxyterminal BRCA1 peptide antibody and then subjected to Western blot analysis using phosphotyrosine antibody (Santa Cruz Biotechnology).
Expression and puri®cation of GST fusion protein
Expression and puri®cation of GST fusion proteins were described previously (Rao and Reddy, 1993) except with slight modi®cation (Frangioni and Neel, 1993) . Brie¯y, log phase cultures of E. coli BL21 (DE3) LysS transformed with the pGEX 2TK-BRCA1 (aa 1 ± 76), pGEX2T-BRCA1 (aa 1 ± 76), pGEX 2T-E2F-1, pGex2T-CycA, pGEX2T-cycB1, pGEX2T-cycD1, pGEX2T-E2F-4 plasmids were incubated with IPGT for 3 h. The cells were pelleted in STE buer (Frangioni and Neel, 1993) containing 100 mg/ ml lysozyme, 5 mM DTT, 1 mM PMSF and 2% Sarkosyl, sonicated on ice and centrifuged at 10 000 g for 10 min. To the supernatant Triton X-100 was added and applied to a glutathione sepharose 4B column (Pharmacia) and the GST-BRCA1 or GST-cyclins or GST-E2F fusion proteins were either left immobilized or eluted with elution buer containing glutathione (Rao and Reddy, 1993) . The GST-BRCA1 fusion proteins were labeled with 32 P as described (Kaelin et al., 1992) . In brief, the GST-TK-fusion protein probes were labeled in a 100 ml ®nal volume containing 20 mM Tris (pH 7.5), 100 mM NaCl, 12 mM MgCl 2 , 10 mCi of (g-32 P) ATP, 1 mg GST-fusion protein and 100 units of cAMP dependent protein kinase (Sigma) on ice for 30 min.
GST pull down assay CAL-51, ZR 75-1 or HL 60 cells were labeled with 35 Smethionine as described previously . The cells were washed in cold phosphate buered saline (PBS) and scrapped into 1 ml of TNN buer (Takashima et al., 1994) and lysed by rotating for 30 min at 48C. The lysates were centrifuged at 14 000 g for 30 min and subjected to protein binding assay as described (Takashima et al., 1994) . For protein binding assay cell extracts were precleared overnight with GSH-beads and then incubated with either GST protein-conjugated GSH-beads or GST-BRCA1 (containing residue 1 to 76 of the BRCA1a protein). Proteins were incubated with GSH beads for 2 h at 48C. The beads were then washed in TNN buer and boiled in SDS sample buer and loaded on a 10% SDS ± PAGE. The gels were ®xed, treated with enhance, dried and exposed to X-ray ®lms. For in vitro binding experiments 10 ± 20 ml of full length in vitro translated BRCA1a, BRCA1b, BRCA1 (amino acids 1 ± 182), cdc2, cdk2, cdk4, cdk5 and E2F-1 were tested for binding to GST-E2F-1 or GST-E2F-4 as described previously for GST pull down assay.
Immunoprecipitation and in vitro kinase assays CAL-51 cells were lysed in 1 ml TNN buer and immunoprecipitated with recombinant BRCA1 polyclonal antibody (amino acid 1 ± 76) as described previously . The immunoprecipitates were washed in kinase buer and measured for kinase activity toward histone H1 as described previously (Makela et al., 1994) .
Far Western blot analysis
Far Western blot analysis was done as described previously (Kaelin et al., 1992; Singh et al., 1989) except with slight modi®cations. In brief, after transfer the nitrocellulose membrane was washed in 16HBB buer (Singh et al., 1989) and treated sequentially with 16HBB buer containing dierent concentrations of guanidine HC1 ranging in concentration from 6 M to 0.19 M. The membrane was hybridized in Hyb 75 buer (Kaelin et al., 1992) containing 0.1 mM ZnCl 2 and 32 P-labeled GST-TK-BRCA1 protein (10 6 c.p.m./ml) overnight at 48C. Subsequently the membrane was washed in Hyb 75 buer, air dried and exposed to X-ray ®lm.
